Abstract-
I. INTRODUCTION

M
ILLIMETER wave traveling wave tubes (TWTs) are key devices when wideband, medium power amplification, and compact dimensions are required. The development of power amplifiers with GaN transistors has been a breakthrough in the field of millimeter wave amplification. They present a credible replacement for vacuum electronic technology in a number of microwave applications. However, the TWTs continue to monopolize the communication satellite payloads due to their reliability, robustness against high thermal stress, and ionizing radiation typical of the space environment. Furthermore, the TWTs provide at least one order of magnitude higher output power than solid-state devices in millimeter wave frequency range [1] - [5] . A lifetime in term of tens of thousand hours is assured by the well-established cathode technology.
In contrast to the solid-state power amplifiers, which are realized by high volume semiconductor manufacturing processes, the TWT production requires the assembly of numerous tight tolerance parts. This results in relatively Manuscript received August 6, 2015 low yield and high fabrication costs, costs that increase as the operating frequency rises [6] .
To give more details, the TWTs are typically based on a helical slow-wave structure (SWS). Such helix-based tubes can provide multioctave bandwidths and output powers above 100 W up to 50 GHz.
However, the helix has to be held concentrically by a number of longitudinal dielectric supports in a metallic cylindrical envelope. Each of those subcomponents must be precisely manufactured and assembled. Verification of the performance of a helix TWT is usually performed after the tube is sealed. Adjustments are possible mainly by varying the beam voltage. The decrease in diameter of the helix with increasing operating frequency, e.g., about 200 μm at 50 GHz, makes fabrication very demanding and impractical above about 65 GHz.
The high cost of millimeter wave TWTs currently limits their use in specific applications in space and defense fields. The availability of cost effective TWTs would be of great benefit for numerous millimeter wave applications, for example as wireless base stations for high-speed communications or for high-data rate satellite communications. A sensible cost reduction can be achieved only by the introduction of SWSs that are easier to fabricate and assemble [7] , [8] .
The all-metal double corrugated waveguide (DCW) was conceived to solve the formidable fabrication challenges posed by the need for an SWS for the 1-THz vacuum tube [9] , [10] . The DCW consists of two parts: 1) a channel waveguide with two rows of pillars that define the beam channel and 2) a lid to close the structure (Fig. 1) . The electron beam/electromagnetic field interaction zone is concentrated in the central region of the SWS, between the rows of pillars. This concentration of field away from the walls reduces the criticality of the lid to the channel connection.
The wideband properties of the DCW in forward wave mode as an SWS for a 0.22-THz TWT have yielded a bandwidth wider than 12% [10] . The scalable nature of the DCW makes it suitable for use in the microwave to submillimeter wave range. The DCWs have already been fabricated for higher frequencies by the scale appropriate microfabrication processes: by deep X-ray LIGA [11] at 1 THz and by high resolution computer numerical control (CNC) milling [12] at 0.346 THz. We now describe the novel design, the application of the conventional precision CNC machining and the test of a Ka-band (32-37 GHz) DCW TWT.
II. DOUBLE CORRUGATED WAVEGUIDE DESIGN
A DCW was designed as an SWS for a TWT operating in the 32-37 GHz frequency band, representing about 15% fractional bandwidth. The beam voltage was selected at 12 kV to minimize the power supply size. In contrast to the helical SWS that operates in the fundamental space harmonic, the DCW has to operate in the first space harmonic to support a relatively low electron accelerating potential and to provide wideband interaction [11] . The first space harmonic provides a lower interaction impedance than the fundamental, but still delivers sufficient interaction impedance to assure a significant energy transfer from the electron beam to the millimeter wave field, with consequently adequate TWT gain.
The operating frequency band is derived from the dispersion curves, considering the region between lower and upper cutoff frequencies. The dispersion curves of the two first modes were computed by CST MWS [13] (Fig. 2) . The large gap between the fundamental mode and the second mode means that the latter plays no part in the interaction. The useful portion of the dispersion curve, which overlaps with the beam line for the selected beam voltage, is the phase shift region in the 2π-3π range. A useful frequency band from 31-37 GHz, corresponding to ∼17% percentage bandwidth, was obtained for the optimized structure with ∼12-kV beam voltage. The few millimeter dimensions of this structure, given in Fig. 1 , make it suitable for direct manufacture with a precision CNC mill.
A study was undertaken to find the position of the electron beam that maximizes the interaction impedance. Beam energy (12 kV) and frequency (34 GHz) were held constant for this modeling. As the electron beam propagates in the symmetry plane, this paper reduces to finding the best vertical position, δ, between the beam axis and the top of the pillars. The results plotted in Fig. 3 show a plateau for 0.10 mm ≤ δ ≤ 0.14 mm.
An optimum value of δ = 0.12 mm is, therefore, used to calculate the frequency response of the interaction impedance. Fig. 4 shows that this has a weak frequency dependence, and is ≈1 Ohm from 32 to 37 GHz.
The SWS for a TWT requires low loss and low reflectivity input and output couplers to standard rectangular waveguide over the entire operating bandwidth. Efficient wideband coupling is obtained by properly tapering the height of the pillars and the heights and width of the waveguide enclosure. Two coupling approaches have been investigated. One, based on linear tapering of the pillars along the beam channel, i.e., in the longitudinal direction of the TWT, is easier to fabricate, but requires a longer structure with the consequent need for a larger volume magnetic field. The second, novel, approach is based on bending the DCW through 90°. This permits the positioning of tapered coupling sections orthogonally to the interaction section. The manufacture and S-parameter characterization of these two approaches to the DCW TWT are described below. 
III. LINEAR COUPLER DCW SWS
The linear coupler DCW SWS topology consists of an uniform interaction section with both ends terminated with sections where the pillar height is linearly tapering to zero (Fig. 5) . This enables wideband coupling between the TE 10 mode of rectangular waveguide and the hybrid mode supported by the DCW.
The optimized DCW comprises a 40 period interaction region and two linear DCW transitions connected by a bent waveguide to the WR-28 flanges. Each DCW transition includes 15 pillar rows linear tapered in height. The waveguide enclosure has a sinusoidal tapered profile toward the bend to improve the matching. The structure is fabricated in two parts. One is the DCW with the couplers as shown in Fig. 5 , and the other is a plane metal lid. Hex-head machine screws are used to fix the two parts together.
Aluminum was chosen as metal for the first prototype for its easier machining in comparison with copper. The structure was machined on a KERN Pyramid milling machine. A photograph of part of the interaction region is shown in Fig. 6 .
The S-parameters of the realized DCW were measured and compared with the 3-D electromagnetic simulations. Good agreement, Fig. 7 , is obtained for S 11 and S 21 . In particular, the maximum frequency difference is of about 1%. The conductivity of aluminum was reduced in the calculations to σ Al = 1.72 × 10 7 S/m to account for the losses due to oxidation. This is the first cold test validation of a Ka-band DCW which has been manufactured by CNC milling. Good agreement with predictions also demonstrates the simulator accuracy in modeling the DCW. 
IV. DCW WITH BENDS FOR LATERAL COUPLING
The linear coupler DCW SWS includes two regions, in the range of 24% of overall length, where the electron beam is partially modulated and only a very weak interaction is present. However, the electron beam traveling in these regions still needs magnetic focusing. In other words, the regions increase the volume without adding to the gain. A novel approach, based on a 90°bending of the DCW at the ends of the main interaction region, has been developed. This places the regions of weak interaction, with tapered pillars, orthogonal to the main gain section (Fig. 8) . This approach permits a substantial reduction of the overall TWT length. A. Design Fig. 8 shows the complete optimized millimeter wave structure. The DCW is bent at 90°with respect to the beam tunnel and the collector end. After each bend follows a DCW to rectangular waveguide transition, to couple the hybrid mode to the TE 10 mode. Twenty pairs of DCW pillars are tapered in height and in period length in the DCW transition. The DCW enclosure width has a sinusoidal profile. The total length of the DCW transition is 69 mm. Finally, a matching section connect the DCW transition to the WR-28 flange.
Bending the DCW near the electron beam tunnels requires that pillars be locally modified to prevent them intersecting the beam. An optimization of the position and shape of the pillars in the bend regions was performed to maintain simultaneously the electrical behavior of the DCW, satisfy the fabrication constrains, and permit the electron beam to pass.
It was found that by positioning the pillars correctly, only one pillar needed modification to maintain the electron beam flow. A portion of this pillar on the line of the beam was cut away (Fig. 9 ), so that it had an approximately triangular cross section. Numerical simulations confirmed that that this modified pillar geometry did not affect the electromagnetic behavior.
B. Fabrication and Measurements
Two DCWs with bent sections were fabricated in telluriumcopper alloy. The two structures differed only in the number of periods in the interaction region: one had 30 and the second 50 periods. Having SWSs with different lengths available permits experimental evaluation of the dispersion curve. Fig. 10 shows a photograph of the 50 period DCW before the lid was attached. The quality of the mechanical fabrication is shown in Fig. 11 , where the detail of the DCW bend is shown.
A comparison of the measurements and CST MWS simulation (reduced copper conductivity σ Cu = 3.9 ×10 7 S/m) of the 50 period DCW in the Ka-band is shown in Fig. 12 . There is excellent agreement. Measured |S 11 | is better than −20 dB and transmission losses are <2 dB over the 32-37-GHz frequency band.
The experimental dispersion curve of the DCW is computed by the difference in the measured phases of the transmitted 
where ϕ( f ) is the phase difference as a function of frequency f , L is the DCW length difference, β( f ) is the propagation constant, and p is the period of the DCW. A frequency difference lower than 1% is obtained between the measurements and the simulation (Fig. 13) . The simulations were performed using both the eigenmode solver and the frequency domain solver. The agreement also demonstrates the high quality of the fabrication process by the CNC milling and the accuracy of the 3-D electromagnetic simulator. The loss of the copper structure, ≈2 dB in the operating band, is also in good agreement with the simulations. This is in contrast with the excess loss of the aluminum DCW, Fig. 6 , which may arise from poor connection at the channel/lid interface due to surface oxidization.
C. DCW TWT Design and Simulations
The performance of a millimeter wave TWT using the DCW with bent sections as SWS has been analyzed. The DCW unit dimensions are the same reported in Section II (Fig. 1) . A beam voltage of 12 kV, a beam current of 200 mA, demonstrated in the 32-37-GHz frequency range [ Fig. 14(b) ]. The low and high frequency peaks are thought to arise from the relatively wideband, as the interaction condition changes for the different frequencies. At low frequency the interaction impedance is high, while at the high frequency the synchronism is better. The electron energy shown in Fig. 15 demonstrates the high level of interaction. The high gain and output power demonstrates the promise of the DCW. Improved performance could be obtained by using a multisection TWTs.
V. CONCLUSION
The DCW has been demonstrated to be effective SWS, which overcomes the difficult fabrication and high cost of helical SWS at millimeter wave frequencies. A novel solution to realize a compact TWT with improved performance by bending the DCW is presented. S-parameter measurements on DCW TWTs demonstrate low loss, wide 31-37-GHz bandwidth and excellent agreement with simulations. Predictions show up gains to 25 dB and output power up to 25 W for 12-kV beams at 200 mA and a 0.3 T axial magnetic field. This promising performance demonstrates the potential importance of the DCW in the field of vacuum electron devices as a solution for a new family of affordable millimeter wave TWTs.
